Development of new ceramic membranes has recently grown due to its superior thermal and mechanical stability. An interesting approach to manufacture asymmetric membranes is the production of aligned pore structure by the freeze-casting method. The lack of studies involving membrane production with tubular freeze-cast substrates warrants more research. In this study, a novel tubular freeze-cast alumina substrate was used for deposition of a silica top layer. The substrate showed radially aligned pores, indicating precise structure control. The obtained pore structure shows high potential for membrane manufacture. The silica layer was produced by the sol-gel method and dip-coated on the substrates with two different withdrawal speeds. The microporous silica showed pores smaller than 2 nm. The highest withdrawal speed resulted in broader substrate coverage. However, a uniform silica layer was only obtained after a second deposition. These results confirm the viability to use tubular freeze-cast substrates for production of nanofiltration membranes.
Introduction
Porous ceramic membranes have been widely studied in the last decades for a variety of separation processes, such as gas separation [1] [2] [3] . The improved thermal and chemical stability of inorganic materials, when compared to polymeric, suggests potential for applications under industrial conditions 4 . These membranes consist of a physical porous barrier that allows permeation of a fluid while hindering the passage of larger molecules. For instance, the molecular sieve mechanism allows passage of small gas molecules (H 2 ), while retaining the large molecules (N 2 ) 2 . Thus, an important aspect of these porous materials is the pore size of the membranes. Table 1 details the typical particle size exclusion and pressures for the different membrane categories, ranging from sizes smaller than 1 nm for reverse osmosis to 10,000 nm for microfiltration [5] [6] [7] [8] . The pore sizes dictate the ability of the membrane to separate the substances and, thus, have a great impact on the membrane selectivity.
Among the membrane geometries available, the asymmetric membrane has shown impressive results 9 . This geometry consists on a macroporous substrate with a thin top layer. The support provides mechanical strength to the membrane and must show low resistance for mass transport through its pores. The top layer is responsible for the separation and selectivity of the membrane and should be as thin as possible 1, 10 . However, methods conventionally used to prepare the ceramic substrate produce a tortuous pore structure with isolated and dead-end pores 11 . These are detrimental to the mass transport and, thus, undesirable. The freeze-casting technique is an interesting alternative to overcome these issues 12 . It allows production of substrates with aligned pore structure and precise control of the pore shape when different solvents are used 13 . As shown in Figure 1 , the freeze-casting consists on controlled freezing of a ceramic slurry with aqueous or organic solvent. The slurry is submitted to a cold media (i.e. liquid nitrogen) leading to a temperature gradient. The solvent crystals then begin to grow in the temperature gradient direction, establishing an organized structure. When the solvent is completely frozen, the structure shows aligned solvent crystals with ceramic particles entrapped between them. The chosen solvent has a great impact on the shape Table 1 . Typical values of pore size and pressures used on membrane separation methods.
Separation method
Particle size exclusion (nm) 5, 6 Pressures (bar) 7, 8 Microfiltration 100 -10,000 0.7 -3 Ultrafiltration 2 -100 1 -10
Reverse osmosis <1 20 -100 of the formed ice crystal and, consequently on the pore structure 13, 14 . The frozen sample is then submitted to low pressures (i.e. ~50 µm-Hg for aqueous ceramic suspension) to induce solvent sublimation, converting the solidified solvent directly to the gas phase. The region occupied by the solvent crystals will form the organized macropore structure. Finally, the sample is heat treated to guarantee a consolidated and robust ceramic material 13, 15, 16 . The result is a final structure with an organized and aligned porosity. Typically, the pore structure exhibit high open porosity with low tortuosity, indicating great potential for fluid permeation applications. In fact, several papers have assessed the fluid permeation on freeze-cast substrates with impressive results 1, 17, 18 . When considering production of freeze-cast substrates for membrane production, the tubular geometry is more appropriate than flat supports. The tubular geometry shows higher surface area to volume ratio, allowing higher flow rates for similar membrane modules 11 . It also allows a radially aligned pore structure, which is more indicated for fluid permeation and has been confirmed to improve the mechanical strength of ceramic substrates 19 . Nevertheless, only a few studies have reported the production of freeze-cast tubular supports 17, 20, 21 , and, to the best of authors' knowledge, none of them report the use of water as solvent. Furthermore, the lack of discussion about the production of a top porous film on the tubular freeze-cast substrates indicates the necessity for further studies. The deposition of a homogeneous separation layer on the macroporous substrates might be challenging due to the great differences in pore sizes between the substrate (>50 nm) and the top layer (<2 nm), sometimes demanding several depositions (1-5 layers) for production of a homogeneous and flawless top layer
11
. The sol-gel route can be used for production of the separation layer, since it has been proven as an efficient method for production of high-quality silica membranes 22, 23 . It allows precise control of the pore structure (shape and pore size distribution) 24, 25, 26 , a desired characteristic for membrane production. In addition, it is a suitable route for thin film deposition, due to the capability to coat materials of various shapes and areas, as well as demanding low temperatures and simple equipment 22, 24, 27 . For production of microporous Figure 1 . Schematic illustration of the freeze-casting process followed by the heat treatment for production of ceramic substrates (Adapted from 13 ).
silica layer, acidic synthesis conditions and short aging times are preferred before deposition 25 . The use of dipcoating for production of sol-gel derived silica coatings has shown its capability to produce homogeneous layer 24, 28 . According to the Landau-Levich equation 28 , the dip coating method allows control of the film thickness by adjusting the withdrawal speed 29 . In this study, a novel freeze-cast tubular substrate was used for production of an asymmetric membrane with potential for nanofiltration applications. The alumina substrates were produced using water as solvent in order to obtain a sustainable material. Silica sol-gel 30 was chosen as separation layer and deposited by the dip-coating technique. Two different withdrawal speeds were used for deposition of the silica layer. Characterization of the pore structure was performed by microscopy and nitrogen adsorption. The results allowed estimation of the most adequate parameters for production of a homogeneous separation layer on the freeze-cast substrates.
Experimental
Freeze-cast tubular substrates were manufactured using a commercial alumina (Almatis -Alumina CT 3000 SG). A water-based ceramic suspension was prepared using 20 vol% solid concentration. Sodium polyacrylate (Sigma-Aldrich) was used as dispersant agent and polyvinyl alcohol (SigmaAldrich) was used as a binder. All reagents were mixed in water and kept stirring for 24 hours. The suspension was poured in a tubular copper mold and immerged in liquid nitrogen (T ≈ -197°C) to freeze the solvent. The mold was prepared in a way to guarantee one single cold front from the outer side of the tube. The frozen alumina substrates were freeze-dried (Liotop L101 series) at low pressures (within 50-80 µmHg) for 24 hours until complete solvent (water) sublimation. The green bodies were heat treated at 1500 °C in a conventional furnace (Thermolab) for 1 hour. Heating and cooling rates in the furnace were kept at 2 °C/min. After sintering, the freeze-cast tubes showed average values of external and internal diameter of 10.74 mm and 6.70 mm, respectively, as well as width varying within 40-45 mm.
The silica layer was produced based on a sol-gel route previously reported 1, 30 . As shown in Figure 2 , deionized water, ethanol (Sigma-Aldrich), nitric acid (65 %, Synth) and tetraethyl orthosilicate (TEOS, 98 %, Sigma-Aldrich) were mixed together and left stirring at 90 °C for 3 hours under reflux. The silica sol was then divided in two parts. The first was used to produce an unsupported membrane by pouring a thin film of the sol into a petri dish for further characterization of the structure and the thermal behavior. The second part of the silica sol was used in the production of a supported membrane by impregnating the alumina tube with the silica sol by dip-coating. The film deposition was performed on the outer surface of the tube. A dip-coater (CONSTRUMAQ) was used and the tubular substrates were kept immersed for 30 seconds. The immersion and drainage stages were performed using two different withdrawal speeds: 6 and 44 cm/min. Both membranes were dried at 40 °C for 24 hours. Finally, they were heat treated in a conventional furnace (Thermolab) for 3 hours in air at 400 °C with heating and cooling rates of 1 °C/min. The dip-coating stage was repeated once to assess the influence of the number of depositions on the characteristics of the silica top layer. Despite the obvious differences between the gelation and drying conditions of the supported and the unsupported silica film, it has already been found a strong correlation between the properties of films and bulk gels 1, 31, 32 . In other words, the unsupported silica film can be used as an estimation of the pore structure of the produced silica film on the freeze-cast substrate. This comparison will also be done in this study.
The pore structure of the freeze-cast substrates was characterized by scanning electron microscopy (SEM, Quanta FEG 3D FEI). The SEM images were treated on the ImageJ software using the OrientationJ plugin to measure the directionality and the pore directionality distribution. This plugin has already been reported on the literature 33, 34 . The Archimedes' method, as described in ASTM B962-13 35 , was used to assess the open porosity. Also, mercury intrusion porosimetry (Micromeritics -Autopore IV) using pressures ranging within 0.02-4123 bar allowed estimation of the pore size distribution.
Thermogravimetric analysis (TGA) of the unsupported silica film was carried out in a Perkin-Elmer STA-6000 thermal analyzer. The silica powder was heated to 900 °C using a heating rate of 5 °C/min in synthetic air. The heat treated (at 400 °C) unsupported silica was also compared with the dried gel and the sol-gel solution by Fourier transform infrared spectroscopy (FTIR, Perkin-Elmer -Frontier) with ATR accessory in the range of 4000-400 cm -1 . The pore structure of the unsupported silica was assessed by a nitrogen adsorption equipment (Quantachrome Autosorb 1C). Finally, the top view of the silica layer was characterized by scanning electron microscope (ASPEX -Explorer) using backscattered electrons in order to assess the alumina substrate coverage.
Results and Discussion
The freeze-cast substrates showed an organized structure with radially aligned porosity, as shown in Figure 3 (a and  b) . As one may notice, most pores connect the inner and the outer sides of the wall, indicating high open porosity.
Assessment of the open porosity by the Archimedes' method confirms that the open porosity is around 67.6 %, a high value that is favorable to fluid permeation. The pore walls were considered robust, with absence of wholes and cracks on it. It was also possible to notice the formation of ceramic bridges between the pore walls (Figure 3c ), similar to the structure reported by Deville 13 . This is a clear indication of the complex structure formed during freeze-casting, which improves the mechanical stability of freeze-cast substrates and produces a material suitable to withstand pressures commonly used in membrane applications (Table 1 ).
An analysis of the pore directionality by the OrientationJ plugin on ImageJ 33,34 allowed assessment of the angles of the pores shown in Figure 3(a) . The results of the pore directionality and the pore directionality distribution are shown in Figure 4 . In Fig. 4(a) , it is possible to notice that most pores are in the same direction and, thus, highlighted as green in the image. A few regions, highlighted with yellow color, show pores with slightly different angles. Assessment of the pore directionality, as shown in Fig. 4(b) confirmed that most pores are concentrated in the perpendicular direction when compared to the tube's surface. It is worth mentioning that the perpendicular direction was measured based on the mean angle of the two surfaces of the tube wall. As one may notice in Figure 5 , the pore size distribution shows a sharp peak, with pore sizes varying within 4-20 µm and average size of 7.05 µm. Moreover, the total pore volume is 0.48 cm³/g, a result considerably high when compared with substrates produced by conventional methods 36 . These results confirm the high level of structure control of substrates produced by the freeze-casting and indicate that the substrate will show low resistance for mass transport.
The thermal behavior of the silica unsupported film was assessed by thermogravimetric analysis and the result is shown in Figure 6 . The sharp mass loss observed in the DTG curve at around 100 °C is attributed to evaporation of residual free-water and ethanol in the film structure. These are derived from additions in the sol-gel synthesis and from condensation reactions during the silica network formation. This first mass loss step corresponds to a loss of 18 % in the TG curve. The mass loss continues until 180 °C and can be associated to the evaporation of water inside the pore structure and desorption of physically-adsorbed water. The mass losses at higher temperatures (~300 °C) can be attributed to thermal decomposition of remaining organic compounds such as the ethyl radical of unreacted TEOS. The elimination of hydrogen-bonded hydroxyls (-OH) from the silica surface (dihydroxylation process) resulted in a fast the sol-gel process 40 , as detailed in Table 2 . The band at 430 cm -1 confirms that the silica structure has already been formed by the condensation reactions. After drying at 40 °C for 24 hours the spectra changed significantly, showing bands attributed to silanol (Si-O-H) and siloxane (Si-O-Si) groups, as detailed in Figure 7 . The band attributed to the silanol group is easily distinguished from other bands, indicating that structural water is still present on the silica structure. After the heat treatment at 400 °C, the Si-O-Si bands intensities were significantly increased indicating that the heat treatment was effective on the structure development of silica network. Also, the heat treatment allowed complete elimination of residual organic compounds. This is important for porous materials, since the presence of organic molecules might occupy and block the pores, hence decreasing the surface area 38, 41 . This phenomenon hinders the fluid transport through membranes. Thus, the absence of organic compounds indicates that the pores on the silica film are free and will be available to fluid transport.
Analysis of the unsupported film by nitrogen adsorption, Figure 8 , showed that the silica layer exhibited a Type I isotherm according to the IUPAC classification 42, 43 . This is typical of microporous materials with exposed surface area composed almost exclusively inside the micropores. Once mass loss at 400 °C, as one may notice in the DTG curve. Above 400 °C, the unsupported silica film kept losing mass at a lower rate, which is attributed to the dihydroxylation of isolated hydroxyls groups in the silica structure 37 . In this last region, amorphous silica typically shrinks intensively, increasing the possibility of crack formation on the film 38 . The TG curve shows that the sample showed a total mass loss of 25.2 %. Due to thermal behavior of the unsupported silica film, and based on previous studies 1, 30 , the calcination temperature was kept at 400 °C. This temperature guarantees degradation of organic compounds and does not cause high shrinkage of the silica film. Also, the calcination temperature has a great impact on the pore size distribution 39 , since higher calcination temperatures lead to elimination of smaller pores and, consequently, an increase on average pore size. The goal of this study is to produce a microporous separation layer, hence, the chosen temperature must be low enough to guarantee the presence of micropores on the silica top layer.
The elimination of organic compounds when the sample was heat treated at 400 °C for 3 hours is confirmed by the FTIR spectra, as shown in Figure 7 . The silica sol spectrum displays a variety of bands typical of the reagents used on Figure 7 . FTIR spectra of the silica sol, the gel dried at 40 °C for 24 hours and the silica layer heat treated at 400 °C for 3 hours. The symbols are attributed to stretching (ν), bending (δ) and rocking vibration (ρ). Table 2 . Assignments of absorption frequencies of FTIR spectra of silica sol 40 . The symbols are attributed to stretching (ν), bending (δ) and rocking vibration (ρ). these are filled with adsorbate, there is little or no external surface remaining for further adsorption 44 . This was confirmed by the BET analysis, which resulted in a specific surface area of 370 m²/g. The NLDFT method allowed estimation of pore size distribution, confirming the presence of micropores (< 2 nm) on the silica layer. Three main peaks were visible in the pore size distribution (Figure 9) showing maximum values at 0.70, 1.11 and 1.27 nm. All pores were smaller than 2 nm, suggesting that membranes produced using this silica layer as separation layer may be applied for nanofiltration membranes (Table 1) . For instance, this pore size has been proven to be used for efficient separation of He/CO 2 and He/N 2 systems 1 . Since the sol-gel process is known to show accurate control of the pore structure 25, 26 , deposition of a sol-gel silica membrane on the tubular freeze-cast substrate can lead to an unlimited number of applications. Figure 10 displays the SEM images of the final supported membranes with the different withdrawal speeds for one and two dip-coating depositions. The membranes produced with the withdrawal speed of 6 cm/min showed lower substrate coverage. In the first deposition, Fig 10(a) , the silica film was visible only in some regions and the pore structure of the substrate was almost completely exposed. Even with a second dip-coating deposition, Fig 10(b) , the substrate was not completely covered, and some pores were still exposed. As for the sample with the withdrawal speed of 44 cm/min shown in Fig. 10(c) , the substrate was more widely covered. Only a few macropores typical of the freeze-cast substrate were visible. After the second deposition, Fig. 10(d) , the silica film completely covered the freeze-cast substrate, forming a homogeneous film and guaranteeing a uniform separation layer. The influence of the withdrawal speed on Figure 10 . SEM images (backscattered electrons) detailing the deposition of the silica top layer on the freeze-cast substrates. the substrate coverage is in accordance with the LandauLevich equation 28 , which stablishes that for withdrawal speeds higher than 6 cm/min the film thickness increases with the withdrawal speed increase. This correlation is often reported for sol-gel film deposition and is attributed to the many parameters involved, such as evaporation rate, viscous drag, gravity forces and liquid-vapor surface tension 28, 29 .
As one may notice in Figure 10(d) , after two depositions of the silica sol using the fastest speed the membrane is homogeneous and without visible cracks. Thus, it indicates that the membrane has potential to be used for separation purposes. This is an outstanding result, since deposition of a film with pore sizes extremely different from the sizes found on the substrate tends to form cracks 11 . Moreover, the drying stage of the dip-coated film happens faster, leading to gelation of the sol by solvent evaporation instead of the condensation reactions involved on the sol-gel process. The result is a gel more weakly condensed that could increase the formation of cracks 28 . Regarding the film thickness, it was not possible to determine an accurate value. The silica sol penetrated on the freeze-cast pore structure forming a silica layer inside the alumina macropores. Thus, there was an overlap of the alumina substrate and the silica, making it difficult to distinguish the two materials and assess the film thickness. The authors suggest that the penetration of the silica membrane into the alumina macropores contributed to a better film-substrate adhesion, guaranteeing sufficient resistance to the silica membrane to be used without detachment from the tubular freeze-cast substrates.
Conclusions
The study confirmed that the production of tubular alumina substrates by the freeze-casting technique allows precise control of the pore structure. An aligned and organized porosity was obtained with most of the pores on the perpendicular direction. The radially aligned pore structure showed high pore volume when compared to substrates produced by conventional methods. In addition, the freeze-casting method allowed production of substrates with sharp pore size distribution. Thus, the freeze-cast substrates showed high potential for fluid permeation applications, such as for membrane fabrication. As for the silica layer produced by sol-gel, TGA and FTIR analysis showed that the heat treatment guarantees elimination of the organic compounds, while minimizing shrinkage and densification of the top layer. The sol-gel route allowed synthesis of a silica membrane with microporous (pore diameter < 2 nm) structure. SEM images of the silica top layer revealed that the withdrawal speed has a great influence on the membrane formation. As predicted by the Landau-Levich equation, the highest withdrawal speed produced a silica layer with greater substrate coverage. However, a second deposition was necessary in order to guarantee an uniform silica membrane.
Despite the difficulties involved on the production of a uniform microporous film on a macroporous substrate (due to the large difference between the pore sizes), the silica layer did not present any cracks. Thus, the membrane produced in this study confirms that the tubular freeze-cast substrates can be used for production of asymmetric membranes. The use of the novel tubular geometry indicates the capacity of the freeze-casting for widespread use on industrial processes. Finally, this study confirms high potential of the freezecast substrates for deposition of microporous films and, consequently, for manufacture of nanofiltration membranes.
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